Introduction
This report summarizes the work on theoretical research in the area of the hadronic interaction carried out at New Mexico State University in 1995-1996 under grant DE-FG03-92ER40740 from the Department of Energy.
The research activities are in several areas united by the central theme of the study of the hadronic interaction. An underlying theme of the work is an attempt to understand the strong interaction in the full sense of the word; not only its fundamental source but the way in which it manifests itself in the systems it binds. These may be nuclei or smaller systems, such as composite mesonic states or the nucleons themselves.
Following is a summary of the principal recent and current activities in this area.
Wiedner The data of U. Wiedner et al. 21] represent the rst data to appear in print from PSI. Our t indicates that the negative pion data are too high by about 14%.
Joram I The data of the rst paper of Joram et al. 22 where the subscript is a compound quantity consisting of a set of N integers. For example, for a three-term potential j; k; l]; j; k; l = 0; 1; 2 : : : where m m j;k;l] j 1 + k 2 + l 3 : (2:3) We will be interested in the case of ve terms and will illustrate here the case for three terms. The coe cients C (k) are given by the recursion relation and is built up by rst computing all coe cients with the sum of indices equal to one, then two etc. with no negative index.
One can show S = f(k; 0) f(?k; 0) where f(k; 0) = X C (k) (2:6)
These expressions can be used to calculate the values of the s-matrix for any value of k. We shall be interested in purely imaginary values for the calculation of the s-wave contribution to the -term.
The o -shell amplitude can also be calculated and is given by F(k; q) = e i k Im The natural kinematic variable in the Klein-Gordon equation is the pion energy in the center of mass, !. We will approach the Cheng-Dashen point (s = u, t = 2 2 ) along the line s = u so, using the relation s + t + u = 2m 2 We will always take the positive value of ! so that there is a cusp in any quantity which is a function of !.
We will be particularly interested in the s-wave scattering amplitudes since they dominate the sigma term at the Cheng-Dashen point. In this case there are two amplitudes, one positive (S 1=2 ) and one negative (S 3=2 ) at threshold. We renormalize the amplitudes to express them in terms of energy which corresponds to the term 3=2;1=2 = f 2 4 h S 3=2;1=2 (2:10) = 553:18 S 3=2;1=2 with the amplitude in fm. As ! passes below threshold (! = ) these two amplitudes will keep their signs (they are real in this region) but at ! = 0 they must be of the same sign because the square term is now dominating. Since the isovector sigma term is odd in it must vanish at the Cheng-Dashen point so that the two amplitudes should cross at that point. Thus one can sketch out the expected behaviour of the two amplitudes. There is no requirement in general, without invoking chiral symmetry, that the two amplitudes must cross at the Cheng-Dashen point. In performing a number of ts without this requirement the crossing point was naturally near the Cheng-Dashen point. However the isovector amplitude varied between 10 and 100 MeV. Even in this case we obtained stable values for the scattering Using the Jost technique described in section 2.1.2 we were able to calculate the isovector prediction at each step in the t. By including a contribution of to the 2 it was possible to insure that no \massive" breaking of isospin was allowed. The result is that the value of the Sigma term is much more stable. Note that the analysis in terms of dispersion relations assumes good isospin so has this condition enforced in an absolute sense. Note also that we treat only the s-wave contribution to the Sigma term and it is only the total Sigma term which should be isospin conserving so that we have assumed that the contribution of the p-wave term is small.
The Pion-nucleon Coupling Constant
The GMO (Goldberger-Miyazawa-Oehme) sum rule is a useful relation between the isovector combination of the N scattering lengths and the N coupling constant f 2 . This sum rule is obtained from a forward dispersion relation for the invariant amplitude C ? subtracted at ! = 0 and evaluated at ! = , where ! is the pion's incident laboratory energy. 
Results of Fit
We have tested individual data sets to see their in uence on the ts. The results presented below show the e ect of adding, one by one, the data sets in the order shown.
O -shell Behavior of the Amplitudes
Recent data taken at IUCF on very low-energy neutral pion production in pp collisions has stirred up considerable interest in the mechanism. Because of the near cancellation of the 0 s-wave amplitude near threshold the normal rescattering diagram is thought to be very small. There have been recent investigations using the introduction of heavy mesons to explain this larger than expected cross section. However simply because the s-wave amplitudes cancel on shell is no reason to expect that they will also be very small o shell. In fact Oset and collaborators have recently shown that, using reasonable o shell extrapolations, the data can be understood. Thus there is considerable interest in the dependence of the isoscalar combination of the s-wave pion-nucleon amplitude o shell. In Figure 2 .3 is shown the behavior of the separate waves and this combination. As seen the value around 1 GeV is as large as either one separately. Since the value needed is around 400 MeV/c the position of the zero could be crucial to the result. The amplitudes used by Oset do not have a zero in this region.
Intrinsic Structure of the Nucleon
The question of the intrinsic structure of a hadronic system is somewhat open. If we compare with the atom, in that case the electrons are fermions and the conservation of fermion number says that there are a xed number of fermions (or more precisely, a xed number of fermions minus antifermions). For a system where the satellite components are bosons, and hence not necessarily conserved, the question of the separation of structure and interaction is more di cult.
The discussion of a pion cloud around a nucleon is very old. Whether it is to be treated as an intrinsic size or as part of the interaction is an open question. Note that the picture is rather di erent in the two cases. If the virtual pions can be considered as part of the interaction then the e ect of the cloud is often described by the exchange of a or meson. In this case the interaction should be of shorter range than the size of the con nement region and, indeed, shorter than the range for the exchange of a single pion (actually not possible for pion-nucleon scattering). If the incident particle can be considered to be interacting with an intrinsic part of the system which consists of a pion cloud (with its characteristic size of 1.4 fm) then the interaction will be of long range.
In table 2.2 we see that in most cases two distinct ranges can be identi ed, one corresponding to the classical size of the nucleon (about 0.8 fm) and the other about twice as large. An interpretation which presents itself from the observation of the potential ranges involved is that there is scattering from the valence quark core and from the pion cloud. Thus one must deal with two ranges for the interaction with the nucleon. Table 2 .2: The ranges obtained from the t to the data. The radii are calculated in the r.m.s sense.
Quantum E ects in Inclusive Reactions
We are implementing a standard technique in Monte Carlo procedures known as importance sampling to correct the intranuclear cascade procedure (INC) for quantum e ects. The INC we are using is known to give good results for simple reactions such as quasielastic scattering 28]. Deviations from the model are also seen and one is never sure if these discrepancies should be ascribed to new physics or to the fact the model is purely classical.
As a rst step we are treating pion charge exchange on the deuteron. The quantum correction we wish to consider is due to quantum vs. classical double scattering. One might think that the double scattering contribution to this reaction is small and that is, in general, true. However, for the cases in which just one charge exchange on the neutron takes place (without a scattering from the other nucleon) the spectator proton has very low energy in the nal state, due to the low Fermi momentum of the deuteron. In a recent LADS experiment 29] the two protons were detected with a minimum energy of 15 MeV. Under these conditions the double scattering contribution is dominant. However, the single scattering is large enough that it must be considered. A number of separate types of coherence e ects have recently been calculated.
We have compared the results with LADS data 29], two proton counter data by Tacik et al. 30] and neutral pion data by Park et al. 31] .
We are now extending the possibility of reactions on the three nucleon system but the code is being written to allow general application to any nucleus.
This work is being done in collaboration with J.-P. Dedonder and R. Ratanarojanakul.
Elastic Pion-3 He Scattering
With S. Collier we have addressed the problem of the scattering of pions in the backward direction from 3 He. One observes 32] that the di erential cross section has a sharp rise in the backward direction for + which is not the case for ? . Since the strongest interaction is with the protons in the + case it is tempting to associate this e ect with the double scattering process. We have looked at the e ect of double spin ip scattering which can be expected to be almost as strong in the backward angles as in the forward direction. While we found this contribution to be non negligible it was not observed to produce the sharp rise seen in the data. We also looked at the e ects of the variation in the nuclear density considering the Faddeev densities and a phenomenological density derived from electron scattering. Nothing that we tried produces the rapid rise.
Polarization in Elastic Scattering and Charge
Exchange from the Three-nucleon System
In collaboration with Q. Zhao we are studying the very recent polarization asymmetry data from charged pion scattering and charge exchange from 3 He. There is a great deal of information in the three angular distributions measured. One interesting feature is that the three asymmetries are very similar. The immediate thought which comes to mind is that only one isospin dominates but the situation must be more complicated. We are comparing the isospin amplitudes with a calculation to try to understand the origin of this apparent simplicity.
Spin Transfer in pp Scattering at 90
There have been a number of measurements of spin transfer (mainly C NN ) in the protonproton interaction in the momentum region P LAB =0 to 13 GeV corresponding to a momentum transfer of 0 to 10 GeV/c 2 . The values of C NN show a remarkable dependence on energy. This observable starts at minus one at zero energy, rising rapidly to plus one, staying at unity until about 3 GeV/c then dropping rapidly to a value of about 0.1 and remaining there until about 6 GeV/c then rising rapidly again. There seems to be no current theory which can explain this behavior. Brodsky 33] and Ferrar 34] attempted quark exchange models which fail completely. Brodsky added in some hadronic exchange, computed in terms of Landsho diagrams 35], with arbitrary constants, and was able to produce qualitatively a part of the dependence. We (B. Loiseau and myself) are approaching this problem from the point of view of multiple pion exchanges. The observed behavior can be seen to arise naturally in this picture so we have a qualitative understanding of the energy dependence of this observable (as well as the absolute values of the cross section). Note that much of the investigation of color transparency (with proton beams) is based on the assumption of a purely quark interaction at these energies, which would seem to be a false assumption.
We are currently working out the problems of calculating multiple pion exchanges between quarks between two composite objects (the protons). We believe that we have the techniques in hand (with approximations, of course) to do the calculations and we are currently re ning the calculation of the constants involved.
